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a b s t r a c t
Sediment cores and overlying water samples were collected at four sites in Tianjin Coastal Zone, Bohai Bay, to investigate nutrient (N, P and Si) exchanges across the sediment-water interface. The exchange ﬂuxes of each nutrient species were estimated based on the porewater proﬁles and laboratory incubation experiments. The results
showed signiﬁcant differences between the two methods, which implied that molecular diffusion alone was not
the dominant process controlling nutrient exchanges at these sites. The impacts of redox conditions and bioturbation on the nutrient ﬂuxes were conﬁrmed by the laboratory incubation experiments. The results from this
study showed that the nutrient ﬂuxes measured directly from the incubation experiment were more reliable
than that predicted from the porewater proﬁles. The possible impacts causing variations in the nutrient ﬂuxes include sewage discharge and land reclamation.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
The sediment-water interface is one of the most important boundaries in shallow water bodies, such as coastal and estuarine waters
(Ignatieva, 1999). It can affect the circulation, transformation and storage of substances in the environment. Nutrient ﬂux across the sediment-water interface is a crucial factor affecting nutrient balance and
maintenance of primary productivity in the water (Callender and
Hammond, 1982). Under certain conditions it serves as an internal
source of pollutants, as excessive nutrients could be released to the
overlying water from the contaminated sediments through particle resuspension, bioturbance, turbulent and molecular diffusion, which can
result in increased nutrient concentrations in the water column.
Hence, how to effectively control the secondary pollution due to release
of nutrients from the contaminated sediment can be a key to a successful water protection program (Pitkänen et al., 2001; Conley et al., 2002).
Several methods have been developed for benthic nutrient ﬂux measurement in the marine environment in the last few decades. In-situ incubation is one of the most accurate and commonly used methods
nowadays (Hammond et al., 1985; Pratihary et al., 2009; Oehler et al.,
2015). This method includes a specially designed chamber/lander
where the sediment captured is incubated and the exchange at the sediment-water interface is measured in-situ, which is good at simulation
of the natural conditions. The technical requirement of laboratory
⁎ Corresponding author.
E-mail address: dkyuan@tju.edu.cn (D. Yuan).
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incubation (another method) includes laboratory incubation of the sediment cores in a controlled environment in order to test the mechanisms hypothesized. Therefore, this method is still widely used in
benthic ﬂux research (Liu et al., 2003; Engelsen et al., 2008; Liu et al.,
2011; Aigars et al., 2015; Leote and Epping, 2015; Zhou et al., 2016).
Benthic nutrient ﬂuxes can also be estimated through porewater proﬁles based on Fick's laws (Woulds et al., 2009; Percuoco et al., 2015).
In a diffusion controlled environment, the ﬂux is proportional to the
concentration gradient. In other cases, modiﬁcations should be made
to better account for the effects of other processes (Kristensen and
Hansen, 1999; Feng, 2006).
In shallow water environment, nutrient and carbon cycles are driven
by a close benthic–pelagic coupling process. Shallow bays are habitats
for high productivity due to an increased nutrient supply from sediments (Engelsen et al., 2008). Therefore, many studies focused on the
contributions of sediment nutrient supply to the primary production
in the water column. According to Jørgensen (1983), coastal and continental margin sediments receive about 80% of the freshly produced organic matter that reaches the sediment in the world's oceans, which
amounts to 10–50% of the annual primary production in the overlying
waters. However, the processes are complicated, site-speciﬁc and
time-variant. (Boynton and Kemp, 1985; Berelsona et al., 1998; Liu et
al., 2003; Engelsen et al., 2008; Pratihary et al., 2009).
Mechanisms controlling the benthic nutrient ﬂuxes are another important research topic. According to literatures, the actual retention,
transformation or recycling of nutrients in coastal or enclosed marine
ecosystems is dependent on a series of factors including the amount
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and bioavailability of land based nutrient loads, sediment characteristics, near-bottom water oxygen regime, temperature and intensity of
sediment bioturbation (Aigars et al., 2015).
Located in the west Bohai Sea, the Bohai Bay is a large-scale semienclosed shallow water body. Previous studies have shown that the
water exchange between the Bohai Bay and the central area of the
Bohai Sea is weak (Lv et al., 2015; Sun and Tao, 2006). Therefore, this
area is susceptible to problems of pollution and eutrophication. However, instead of being protected, the area is one of the most heavily
exploited and polluted areas in China (Peng, 2015). The Bohai Bay is
surrounded by the metropolitan areas, such as Beijing, Tianjin, Hebei
Province, and Shandong Province, which together form one of the
major economic rims - the Bohai Economic Rim, with a population
over 100 million. Tianjin Coastal Zone is located at the head of the
Bohai Bay, where is a heavily exploited area due to increasing development of petro-chemical industry, shipping, mariculture, tourism and sea
salt industries along the coast (Zheng et al., 2007).
In the last few decades, anthropogenic activity has become a major
threat to the ecosystem of the Bohai Bay and has changed the environment dramatically. Eutrophication has become a prominent issue since
large amount of urban, industrial and agricultural discharge enriched in
nutrients empty into the bay. For example, annual discharges of DIN
from Haihe River Basin total about 9 × 104 ton (Zhang et al., 2015). Annual ﬂuxes of DIN and DIP to the Bay are closely correlated with the river
discharges (Zheng et al., 2007).
On the other hand, since the sediment of the Bohai Bay is dominated
by ﬁne grains of silt and clay, which have high speciﬁc surface area and
can easily adsorb aquatic substances sinking to sediment and release the
substances back into the water column under certain conditions. Moreover, the water exchange capacity of this area with the outer sea is
weak. Therefore, pollutants tend to be trapped within this area for a
long time and produce more serious consequences. What make this situation even more complicated are the decrease of river water discharges (Lei et al., 2007; Liu and Liu, 2004; Wang et al., 2006; Feng
and Zhang, 1998) and the increase of large-scale sea reclamation projects (Yuan et al., 2014; Nie and Tao, 2008). These phenomena cause
changes in riverine input and the transport of the nutrients (CRAES,
2007).
Nowadays, the concentrations and compositions of nutrients are
dramatically different from that in the past. During 1959–2010, DIN
concentration increased by 5 folds, DIP concentration increased ﬁrst
and then gradually dropped back as the usage of P containing detergents in the coastal regions were banned one after another since 2002.
The molar ratios of N/P increased almost 8 times from 11.3 to 86.2
(Mu et al., 2012). However, the concentration of DISi has shown a constant decline as the ﬂuxes of freshwater and sand declines. During
2004–2007, the annual concentration of DISi decreased by 2/3 and the
Si/N ratios dropped to 0.5 (Kan et al., 2010). Such a change in nutrient
composition has had a profound inﬂuence on phytoplankton composition in the Bohai Bay as the cell abundance of phytoplankton increased,
biodiversity decreased and the spatial and temporal distribution became very uneven (Yang et al., 2007). Eutrophication is drastically increased as evidenced by red tide. During 1989 to 2002, over 15% of the
red tide events occurred in Bohai Sea originated from the Bohai Bay.
Red tides were reported each year from 1997 to 2002 in the head of
the Bohai Bay with an average occurrence of 1.3 per year (Zhang et al.,
2005). The decline of the Bohai Bay ecosystem poses a threat to the sustainable development of the coastal region.
In recent years, the degradation of the Bohai Sea ecosystem is
gaining more and more attention. Several national restoration programs
have been implemented such as “Bohai blue sea action plan”. A concerted effort has been made by the surrounding regions. In 2012 Tianjin
started to establish its watershed pollution control and integrated disposal system. Under this system, urban sewage treatment rate was
raised to 90% and above and no untreated sewage discharge can end
up into the sea. In Hebei Province, imported devices for the recycling

and processing of waste water, oil and solids will be fully installed in
large and medium-sized ports so that sewage will not be discharged
into coastal waters until it is processed (Wang, 2013).
Today, the pollution control efforts of the Bohai Bay have achieved
some success. According to the State Oceanic Administration (SOA) report (SOA, 2015), the polluted areas showed a continuous decline during 2012–2014. However, the pollution caused by inorganic nitrogen
is still salient. In addition, as the external sources decrease, the internal
sources, e.g. release of nutrients from the sediment, could delay the improvement of the water quality within a certain time period. Unfortunately, our understanding of sediment nutrient exchange is still
limited due to lack of investigations in this area in the past (Zhang J. et
al., 2009; Deng, 2004).
This study reports the results of biogeochemical investigation conducted in the Tianjin Coastal Zone, Bohai Bay in 2012. Field investigation
and laboratory incubation experiment were conducted to study benthic
nutrient ﬂuxes at four representative sites and the associated impact
factors. The temporal and spatial variations in nutrient ﬂuxes are
discussed in this study. The purpose of this work is to estimate the nutrient ﬂuxes across the sediment-water interface in this area and address the role of benthic ﬂuxes in the nutrient cycling and primary
production in the Bohai Bay. Information derived from this study can
be used for proper management and protection of this area.
2. Study site
Bohai Bay, located in the west of Bohai Sea (approximately 117.5°E–
119°E and 39.25°N–38°N, Fig.1), covers an area of 159,000km2 with an
average water depth of 12.5 m. This area has a marked continental monsoon climate characterized by a clear division between seasons. Rainy
season is short and 64–68% of the rainfall is concentrated in July and August. The average annual rainfall in Bohai Bay is 4.64 cm⋅y−1 (Li et al.,
2006). The major rivers ﬂowing into Bohai Bay are Haihe River,
Huanghe River and Luanhe River. The average annual freshwater discharge to the western Bohai Bay is 2.429 × 109 m3 in the 1990s (Lei et
al., 2007). The main tidal constituents in the Bohai Bay are M2 (semi-diurnal tide) and K1 (diurnal tide) with the M2 being the most predominant. The average tidal range in this area is 2–3 m with a peak of 4 m
during spring tide. The tide is asymmetric with longer ebbing (7 h)
and shorter ﬂooding (5 h). The tidal current is characterized by alternating ﬂow (west/east direction) and weak residual current. Waves are
mainly wind-induced surface wave with an average wave height of
~ 0.6 m and the maximum height could reach 4–5 m. In winter, there
are strong wind surges in the Bohai Bay (Feng et al., 1999). The terrain
of the bay is rather ﬂat and inclines towards the central Bohai Sea. The
sediment of Bohai Bay is dominated by silt and clay.
The Bohai Bay is a typical semi-enclosed shallow water system with
mild bottom slope and muddy sea bed. Transport of contaminants
under wave-induced long-shore currents is noticeable. The water exchange between Bohai Bay and the external water body is poor, which
makes it difﬁcult for contaminants to be diluted and carried out. Thus,
it is important to study the characteristics of the nutrient exchanges at
the sediment-water interface to prevent the eutrophication and to improve the water quality. Tianjin Coastal Zone is located in the west
end of the Bohai Bay, stretching about 150 km along the coast (Zheng
et al., 2007). In recent years, the economic development in this area is
gaining new momentum with the implementation of a series of new
policies. Several large-scale land reclamation projects have been conducted to ease the land shortage, which not only signiﬁcantly altered
the coastal morphology and topography, but also led to great changes
in offshore sediment transport and water circulation (Nie and Tao,
2008).
In May 2012, a basin scale ﬁeld investigation was conducted in Bohai
Bay with 32 sites sampled for the ﬁrst time. Nutrients in the water column were sampled at all sites. As a subset, four representative sites (D2,
E1, E3 and E4) were selected for sediment study based on the site

D. Mu et al. / Marine Pollution Bulletin 114 (2017) 705–714

707

Fig. 1. Study area with locations of sampling sites and the changing coastlines.

position relative to the sewage discharge outfalls, fresh water sources,
sediment properties and land reclamation project (Fig. 1). Among the
4 sites, Sites D2 and E1 are located in the north near the Beitang sewage
outfall and Dagu sewage outfall, mainly inﬂuenced by Haihe River. Sites
E3 and E4 are in south and mainly inﬂuenced by Duliujianhe River and
Ziyaxinhe River. The sediment type at all the sites was clayey silt, but the
textures are different as the sediment grain size is coarser in the north
(Sites D2, E1) and ﬁner in the south (Sites E3, E4) (Tian et al., 2010).
Sites D2 and E1 are near a port that has already been established recently; while Sites E3 and E4 are near a new port that is still under
construction.
3. Materials and methods
3.1. Sampling scheme
Overlying water and surface sediment samples were collected at
each site. Water samples were collected 0.5 m above the sediment surface with 5 L Niskin bottles. After collection, the water samples were ﬁltered immediately through pre-cleaned, 0.45 μm pore-size, acetate
cellulose ﬁlters which were soaked in diluted hydrochloric acid
(pH = 2) overnight then rinsed with Milli-Q water. All the samples
were preserved in plastic bottles and frozen immediately.
Sediment samples were collected using a box core sampler. Two
batches of subcores (70 mm inner diameter) were collected for
porewater proﬁle analysis and nutrient ﬂux incubation experiment,
respectively.

3.2. Porewater proﬁles and sediment-water exchange estimations
For porewater proﬁle analysis, 4 sediment cores were collected at
each site. The top 20 cm of the cores (30 cm long) were sliced immediately after collection at 1 cm intervals in the upper 10 cm and at 2 cm
intervals in the remainder of the core. Porewater was extracted by centrifugation (4000 rpm). Both the processed porewater samples and
subcores for the incubation were deep frozen. Exchange ﬂuxes were
predicted from the concentration gradient observed in the porewater
proﬁle by adopting Fick's ﬁrst law of diffusion
J ¼ ϕ DS ðdC=dxÞ

ð1Þ

where J corresponds to the diffusive ﬂux in μmol · cm−2 ⋅s−1, ϕ to the
porosity, DS to the molecular diffusion coefﬁcient corrected for sediment tortuosity in cm2 ⋅ s−1, C to the nutrient concentration in μM and
x to depth in cm. DS was calculated from the molecular diffusion coefﬁcient in free solution (Li and Gregory, 1974)
DS ¼ D0 ϕm−1

ð2Þ

where, m is the empirical factor (m = 2.5–3 at ϕ ≥ 0.7; m = 2 at ϕ b 0.7).
D0 for NH4‐N, NO3‐N, NO2‐N, PO4‐P and SiO3‐Si at 25 °C are
19.8 × 10−6 cm2 ⋅ s−1, 19.0 × 10− 6 cm2 ⋅ s− 1, 19.1 × 10−6 cm2 ⋅ s−1,
7.34 × 10−6 cm2 ⋅s−1and 11.7 × 10−6 cm2 ⋅s−1 respectively (Huang et
al., 2006; Rebreanu et al., 2008).
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Porosity of the core samples was determined using displacement
method
ϕ ¼ VV =VT

ð3Þ

where VV is the volume of the pores (voids), VT is the total volume of the
saturated sediment. A negative ﬂux indicates a solute ﬂowing into the
sediment (sediment acts as a sink) whereas a positive ﬂux indicates a
solute release from the sediment (sediment acts as a source).
3.3. Incubation experiments on the control factors of the exchanges
Thirty-two subcores (30 cm in length) were used in the incubation
experiments to determine the sediment-water exchange of nutrients
under different conditions. The subcores were placed in tubes with
30 cm long overlying water placed on each top of the subcore. Then,
the tubes were placed in a seawater bath in dark (Fig. 2). The overlying
water was continuously bubbled with air or nitrogen to simulate the in
situ oxic/anoxic situation. Care was taken to avoid resuspension of sediment due to bubbling. The overlying water samples were taken for a
period of 10 days. Speciﬁcally, samples were taken with plastic syringes
at a 12 h interval for 4 days and then samples were taken at a 24 h interval for the next 6 days. At each time 200 ml of overlying water was taken
and then the sampled volume was replaced by 200 ml overlying water
sampled in-situ. Water samples were ﬁltered immediately after collection and nutrients were analyzed by colorimetric methods (described
below). The rate of change in the amount of nutrients in the overlying
water column with time was used as a direct measure of net solute
ﬂux across the sediment-water interface. The estimated exchange
ﬂuxes across the sediment-water interface were time-averaged similar
to the calculation method used by Lerat et al. (1990) and Liu et al.
(2011).
JDM ¼ MðtÞ=ðΑΔtÞ

ð4Þ

where JDM is the exchange ﬂux of nutrient, A is the cross-section area of
the core and M(t) = V[C(t) − C′(t − 1)] is the mass of nutrient released
from the sediment from time t − 1 to t, with V being the volume of the
overlying water, C(t) is the nutrient concentration in the overlying
water at t before sampling and C′(t − 1) is the actual nutrient concentration in the overlying water at t − 1after sampling and replacement
of the overlying water. Correction is made here for the replacement of
sampled volumes.
C0ðt−1Þ ¼ ½ðV−V0 ÞCðt−1ÞþV0 C0 =V

ð5Þ

where V is the volume of the overlying water above the core at t before
sampling, V0 is the volume of the overlying water sampled (200 ml, to
be speciﬁc), C0 is the initial concentration of nutrients in the overlying
water sampled in-situ.
To study the effects of redox conditions (DO) and bioturbance on nutrient exchange ﬂuxes, incubations were divided into 4 groups
representing different conditions, i.e. Group 1: samples were aerated

with air; Group 2: samples were aerated with air and poisoned by
HgCl2; Group 3: samples were aerated with nitrogen (99% nitrogen);
Group 4: samples were aerated with nitrogen and poisoned by HgCl2.
The results from Group 1 were considered as direct measurements of
the exchange ﬂuxes across the sediment-water interface (Leote and
Epping, 2015; Liu et al., 2003).
In order to ensure the experimental results to be reliable, the experiment conditions were controlled carefully. The temperature in the
water tanks was kept close to in-site condition at 22 °C. The dissolved
oxygen (DO) concentrations in the overlying water were kept at
8.7 mg/l and 0.2 mg/l by bubbling air and nitrogen, respectively.
3.4. Analytical procedures
Spectrophotometry was adopted to determine the dissolved inorganic nutrients. Speciﬁcally, SiO3‐Si was determined by the
molybdosilicate blue spectrophotometry method (Strickland and
Parsons, 1968); PO4‐P was determined by the molybdophosphate blue
spectrophotometric method (Grasshoff et al., 1999); NH4‐N was measured by the hypo-bromate oxidimetry, NO2‐N was determined by the
N (1-naphtyl)-ethylenediamine dihydrochloride spectrophotometric
method and NO3‐N was determined using the Zn‐Cd reduction, according to the national standard method of China (GAQSIQ and SAC, 2008).
DIN concentration is the sum of NO3‐N, NO2‐N and NH4‐N. The precision
was within 2–10%.
Depth, temperature, salinity and DO in the overlying water were
measured in-situ using a multi-sensor sonde YSI 6600. Variations in
DO concentration in the samples during the incubation experiment
were monitored using a WTW oxygen probe.
4. Results and discussions
4.1. Nutrients in the overlying water
The dissolved inorganic nutrients and other parameters in the overlying water were analyzed and given in Table 1. As shown in the table,
NO3‐N was the predominant species of DIN in the offshore overlying
water and DIN concentrations were higher than PO4‐P and SiO3‐Si concentrations. Molar ratios of N/P varied from 76.1 to 206 and the molar
ratios of Si/N varied from 0.17 to 0.47. Compared to the previous studies
(Mu et al., 2012; Kan et al., 2010), the nutrient imbalance was even
more striking. P and Si were still the limiting nutrients. DIN concentrations at Sites D2 and E1 were higher than that at Sites E3 and E4,
which demonstrated the impact of sewage outfalls. Beitang sewage outfall is where the Jiyunher River, Yongdingxinhe River and Chaobaixinhe
River join and empty into the sea. It receives waste water from Beijing
and Tianjin. In May, according to data from the local monitoring station
(unpublished), DIN concentration in the areas around Beitang sewage
outfall could reach 40 μmol/l and the N/P ratio could reach 60. DIN concentration near Dagu sewage outfall could reach 60 μmol/l and the N/P
ratio could reach 300. Discharges from the outfalls not only inﬂuence
the concentrations but also the speciation of the nutrients.
4.2. Nutrients in the porewaters

Fig. 2. Experimental apparatus of the incubation.

Porewater proﬁles of the dissolved inorganic nutrients are shown in
Fig. 3 and the variations in nutrient concentrations were summarized in
Table 2.
Similar to the overlying water, porewater DIN was also dominated
by NO3‐N, featured by high NO3‐N and low NH4‐N. Compared to the results found in earlier studies in the central Bohai Sea in summer (Liu et
al., 2011), NO3‐N concentrations found in this study were high in both
overlying water and sediment porewater. It could be attributed to the
shallow depth of the sampling sites, where oxygen in the sediment
layers was abundant and nitriﬁcation was intensive. It is consistent
with the fact that DO concentrations varied inversely to the water
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Table 1
Water quality parameters of the overlying water.

Sites

NO3‐N
(μmol⋅L−1)

NO2‐N
(μmol⋅L−1)

NH4-N
(μmol⋅L−1)

DIN
(μmol⋅L−1)

PO4‐P
(μmol⋅L−1)

SiO3‐Si
(μmol⋅L−1)

Depth
(m)

DO
(mg⋅L−1)

Salinity
(psu)

Temperature
(°C)

D2
E1
E3
E4

23.3
22.1
18.9
19.1

4.21
6.88
11.38
11.45

6.99
4.12
1.22
0.66

34.5
33.1
31.5
31.2

0.330
0.160
0.350
0.410

6.32
5.50
7.99
14.7

13.9
8.8
9.5
8

6.02
6.79
6.03
6.81

29.1
28.7
28.3
28.3

13.2
15.3
16.4
17.3

depth among sites (Table 1). In addition, phytoplankton tends to bloom
in this area in May. More NH4‐N might have been consumed over NO3‐N
due to the uptake preference by phytoplankton (Dortch, 1990). However, as the percentages of NH4‐N increased with depth while the percentage of NO3‐N and NO2‐N decreased with depth (Fig. 3), the proportion
of NH4‐N vs. NO3‐N increased with depth, which showed the combined
effects of organic matter degradation, decreased nitriﬁcation and increased denitriﬁcation down core.
The highest levels of DIN and N/P ratio were observed at Site D2
which again demonstrated the impacts of sewage outfalls. The
porewater proﬁles of NO3‐N, NO2‐N were quite similar at all the sites except Site E1. Concentrations of NO3‐N and NO2‐N decreased sharply immediately below the sediment-water interface to around 5 cm below
and then the decreases slowed down. The changes were steady in
most cases except for some randomness. Although NO3‐N and NO2‐N
concentrations at the sediment surface were relatively low at Site E1,
the depth proﬁles were similar to those in the other sites.
NH4‐N proﬁle showed a mirror image of NO3‐N and NO2‐N due to
diagenetic reactions. The concentrations kept increasing until a maximum concentration was reached 6–12 cm blow the interface and then
kept decreasing. However, it is interesting that proﬁles at different

NO 2-N

NH 4-N

0 20 40 60 0 1 2 3

0 1 2 3 4

E4

depth (cm)
depth (cm)

E3

depth (cm)

E1

depth (cm)

NO 3-N

D2

0
-2
-4
-6
-8
-10
-12
-14
-16

locations displayed different steepness, different maximum concentration values reached and the depths where the maximum concentrations
were reached. At Site E3, for example, a maximum concentration of
4.09 μmol⋅L−1 (the highest among the sites) were reached at a depth
of 12 cm. At Site D2, a maximum concentration of 2.51 μmol⋅L−1 was
reached at a depth of 7 cm. The differences could be related to differences in redox conditions, disturbances and sediment properties. According to Tian et al. (2010), the sediment grain size at Site E3 is ﬁner
than those at other sites. Shallow depth and ﬁner textures are favorable
conditions for bioturbation (Walbran, 1996; Dashtgard et al., 2008),
which helps the regeneration process. According to recent studies,
abundance of meiofauna and macroinvertebrates in spring are high
around this site (Zhang Q. et al., 2009; Zhou et al., 2014). According to
Chen et al. (2011), the organic matter content was also high around
the southern sites than the northern sites, which might imply more intensive organic matter degradation.
For PO4‐P proﬁles, low concentrations similar to the overlying water
were found in the sediment surface, which might be another result of
the oxidizing condition of the surface sediment. P tends to be absorbed
by Fe3+ under such conditions (Jensen et al., 1995). PO4‐P concentrations increased down core as the oxygen content decreased with

DIN

PO 4-P

0 20 40 60 0

1

SiO 3-Si
2 0 40 80 120

0
-2
-4
-6
-8
-10
-12
-14
-16
0
-2
-4
-6
-8
-10
-12
-14
-16
0
-2
-4
-6
-8
-10
-12
-14
-16

concentration concentration

(µmol· L-1)

(µmol· L-1)

concentration concentration concentration concentration

(µmol· L-1)

(µmol· L-1)

(µmol· L-1)

Fig. 3. Porewater proﬁles of dissolved inorganic nutrients (μmol⋅L−1).

(µmol· L-1)
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Table 2
Concentrations of nutrients in sediment porewaters (μmol⋅L−1).
Sites

NO3‐N

NO2‐N

NH4‐N

DIN

PO4‐P

SiO3‐Si

D2
E1
E3
E4

8.49–52.6
12.6–25.5
14.3–51.4
7.44–44.7

0.347–3.16
0.367–1.74
0.408–2.74
0.224–1.65

0.115–2.51
0.165–1.93
0.987–4.09
0.122–1.31

10.5–55.9
13.9–27.4
17.1–55.7
8.28–46.6

0.320–1.32
0.320–1.68
0.550–1.18
0.320–0.770

54.2–102
47.2–79.3
61.3–76.6
33.4–77.6

depth and the remineralization increased with depth. These processes
also depend on the activities of microorganism.
Different from N and P, SiO3‐Si proﬁles down the cores seemed more
conservative with linearity and slow change rate. This is consistent with
the results reported by Leote and Epping (2015) due to the fact that Si is
only moderately sensitive to sorption and its production in the sediment depends on not only mineralization, but also a well-deﬁned dissolution rate. However, SiO3‐Si concentrations started to increase below
the sediment-water interface, which could be attributed to the dissolution of the biogenic silica and organic matter early diagenesis
(Ragueneau et al., 2000).
In summary, the results indicate that besides molecular diffusion,
other mechanisms such as reactions and bioirrigations are also responsible for the nutrient ﬂuxes.
4.3. Nutrient ﬂuxes predicted from the proﬁles
Nutrient ﬂuxes through the sediment-water interface were predicted using Fick's law based on the concentration proﬁles. The results were
listed in Table 3.
As shown in Table 3, the results were consistent with previous studies in the nearby areas using the similar methods (Liu et al., 2011). For
NO3‐N, NO2‐N and SiO3‐Si, the sediment all acted as a source. For NH4‐
N and PO4‐P, the ﬂux patterns were mixed.
4.4. Nutrient ﬂuxes measured from incubations
Nutrient ﬂuxes were also measured directly from the laboratory incubation. The results of NO3‐N, NO2‐N, NH4‐N, PO4‐P and SiO3‐Si were
given in Fig. 4. For NO3‐N, the ﬂuxes at Sites D2, E1, E3 and E4 were
1.43, 2.10, 1.80 and 2.26 mmol⋅m−2 ⋅d−1 respectively. No distinct difference was observed among the sites except that the ﬂuxes at the
northern sites (Sites D2 and E1) were slightly lower than those at the
southern sites (Sites E3 and E4). With respect to the NH4‐N ﬂuxes,
clear differences were observed among the sites. At the northern sites
(Sites D2 and E1), NH4‐N was transferred from the overlying water to
the sediment, where the sediment played a role as a sink. At the southern sites (Sites E3 and E4), NH4‐N was released from the sediment to the
overlying water, where the sediment played a role as a source. In terms
of magnitude, the ﬂuxes were also more variable among the sites. The
highest absolute value of NH4-N ﬂuxes was found at Site D2
(− 0.710 mmol ⋅ m− 2 ⋅ d−1), and the lowest ﬂux was found at Site E4
(0.14 mmol ⋅ m− 2 ⋅ d−1). Opposite patterns were observed in PO4‐P
ﬂuxes among the sites. At the northern sites (Sites D2 and E1), PO4‐P
was released from the sediment to the overlying water, where sediment
played a role as a source. At southern sites (Sites E3 and E4), PO4‐P was
transferred from the overlying water to the sediment, where sediment
played a role as a sink. The highest absolute value of the ﬂuxes was
Table 3
Nutrient exchange ﬂuxes estimated from the porewater proﬁles (mmol⋅m−2 ⋅d−1).
Sites

NO3‐N

NO2‐N

NH4‐N

DIN

PO4‐P

SiO3‐Si

D2
E1
E3
E4

0.197
0.130
0.218
0.172

0.0691
0.0397
0.0756
0.0631

−0.0481
−0.0277
0.00237
0.00294

0.218
0.142
0.296
0.238

0.00122
0.000730
0.000866
−0.00255

0.137
0.128
0.157
0.108

observed at Site E3 (− 0.026 mmol ⋅ m− 2 ⋅ d− 1) and the lowest was
found at Site E1 (0.009 mmol ⋅m−2 ⋅d−1). For the case of SiO3‐\\Si, no
distinct spatial difference was observed among the sites except that
the ﬂux at Site D2 (2.33 mmol ⋅ m− 2 ⋅ d−1) was lower than those at
other sites.
From the prediction of the porewater proﬁles and the incubation experiment, discrepancies in results between the two methods could be
observed. The ﬂuxes measured directly from the incubation experiment
were sometimes more than one order of magnitude higher than the
predicted ones. In some cases the directions of the ﬂuxes obtained
using different methods were not consistent as well. The discrepancies
might be related to the differences between the methods. The ﬂuxes
predicted by Fick's law from the porewater proﬁles are driven by the
process of molecular diffusion alone, while the ﬂuxes measured directly
consider other effects in action such as remineraliztion and bioturbation
whose impact can be signiﬁcant in shallow areas (Miller-Way et al.,
1994). Therefore, these discrepancies support the idea outlined above
that molecular diffusion alone was not the only transport process involved in the exchange of nutrients across the sediment-water interface
at these sites. Other processes such as reaction and bioturbation were
also responsible for the exchanges and therefore need further
investigation.
According to recent studies, the abundance of meiofauna and
microbenthos in Bohai Bay are not very high compared to other areas
(Zhang Q. et al., 2009; Liu et al., 2014). However, spatial variations in
spring are revealed by ﬁeld investigations that the abundance and biomass in the near shore areas including all sites: D2, E1, E3, and E4 are
much higher than those in the offshore area (Zhang Q. et al., 2009;
Wang et al., 2010; Cai et al., 2013; Zhou et al., 2014) and the abundance
and biomass of macrobenthos in the south (around Sites E3 and E4) are
higher than those in the north (around Sites D2 and E1) (Cai et al., 2013;
Zhou et al., 2014). The community structure in the north and south
could be clustered into different groups (Cai et al., 2013). With regards
to the status of benthic bacteria in this area, few literatures could be
found. Higher abundance of benthic bacteria in spring compared with
that in autumn and winter were reported (Xiao et al., 2010). Clear correlations between Nitrobacteria, Nitrosobacteria and the concentrations
of NO3‐N, NO2‐N and NH4‐N in the water column have been reported
in this area (Zhao H. et al., 2005). However, the environment in the sediment revealed to be more complicated (Xiao et al., 2010). Although
clear correlations between the benthos, bacteria and the benthic ﬂuxes
still need further investigation, these literatures could provide some
proofs for the indispensible roles of bioturbation in the study area.
With respective to features of chemical reactions in the Bohai Bay sediment, literatures are also limited. However, clear spatial and temporal
variations in distributions of N, P and various species of the nutrients
in the sediments were reported (Zhao Z. et al., 2005; Zhao and Qin,
2006). As Zhao Z. et al. (2005) pointed out that input source, sedimentation rate, remineralization, redox conditions and sediment particle
size could be main factors resulting in the local differences.
In this sense, despite the differences between the incubation environment and in-situ conditions, the results of direct measurements
should be considered more reliable than that predicted from porewater
proﬁle in this case. Otherwise, corrections should be made to the prediction models so that other effects such as bioturbation, reactions and advective velocity of solute relative to the sediment surface that change
the concentration of the solute could also be considered like Feng
(2006).
4.5. Effects of redox conditions (DO) and bioturbations
4.5.1. Effects of redox conditions
As shown in Fig. 4, benthic ﬂuxes of NO3-N and NO2-N under the anoxic condition were lower than those under the oxic condition due to
the lower concentrations. However, NH4-N showed an opposite trends
due to the increasing concentration from organic matter decomposition.
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Fig. 4. Nutrient exchange ﬂuxes measured from laboratory incubations. (A negative ﬂux indicates a solute uptake by sediment whereas a positive ﬂux indicates a solute release by
sediment.)

In the nitrogen cycle, the transport and transition of nitrogen at the
sediment-water interface is complex. Nitriﬁcation, denitriﬁcation
and ammoniation play important roles in these processes. Dissolved
oxygen (DO) concentration at the interface reﬂects the redox potential (Jiang et al., 2008) and, hence, affect the mutual transformation
of NH4‐N, NO3‐N and NO2‐N. Under the oxic condition, the nitriﬁcation can occur easily and NO3‐N concentration in the sediment becomes much higher, causing NO3 ‐N diffuses from the sediment to
the overlying water. However, under the anoxic condition, the nitriﬁcation of NH4‐N was restrained but the denitriﬁcation occurred. In
the denitriﬁcation process, the NO3‐N is reduced, while NO and N2
are generated. The redox condition also affects the adsorption of
NH4‐N in coastal sediments (Morse and Morin, 2005). Increased desorption and release of NH4 -N occur under anoxic conditions
(Brezonik, 1972).
The exchange ﬂuxes of PO4‐P under the anoxic condition were
higher than those under the oxic condition (Fig.4). This result is consistent with previous studies that showed negative correlation between
the exchange rate of P at the sediment-water interface and DO concentration (Jin et al., 2006). In the oxic condition, P can bind with Fe3+ and
enhance the sediment adsorption (Jiang et al., 2008). In the anoxic system, P can be easily released from the sediments to the overlying water
(Gomez et al., 1999). In addition, the bacteria (e.g. PAOs) have different
status under oxic and anoxic conditions. The oxic conditions are

favorable for their growth and help the bacteria absorb the dissolved
phosphorus (Zhou and Wang, 2008).
The exchange ﬂuxes of SiO3‐Si under the anoxic condition were
slightly higher than those under the oxic condition. This might be related to the decomposition of organic matter that has bioavailable silica.
Therefore, the exchange rate of SiO3‐Si increased under the anoxic condition (Loder et al., 1978). However, other studies argued that DO had
little impact on the exchange rate of SiO3‐Si (Rutgers van der Loeff et
al., 1984). This study indicates that the redox conditions had moderate
impacts on SiO3‐Si ﬂuxes.
4.5.2. Bioturbation
In general, NO3‐N, NO2‐N, NH4‐N and SiO3‐Si showed lower ﬂuxes
with the addition of the inhibitor (Fig. 4). Different behavior was observed for PO4‐P, whose exchange ﬂuxes increased with the inhibitor
added.
Variations in the exchange patterns of dissolved inorganic nitrogen
species were striking, which might be related to the important roles
played by bacteria in transformation of the nitrogen species. In nitrogen
cycle, there are many kinds of microorganisms involved in nitriﬁcation,
denitriﬁcation and ammoniation processes. The intensity of the reactions was affected obviously in part by the activity and quantity of the
microorganisms. In addition, due to the activities of the benthos in the
sediment, the sediment moves and inorganic nitrogen on the
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suspended particulate matter is desorbed which may promote the inorganic nitrogen releasing to the overlying water, and result in increases
in the exchange ﬂuxes. In our experiment, however, when biology inhibitor was added to reaction tank, activities of the bacterial were controlled and the biochemical reactions were restrained.
The increases of SiO3‐Si exchange ﬂuxes due to bioturbation were
moderate and similar among the sites. This result was consistent with
the more conservative porewater proﬁles found for SiO3‐Si. With respect to the effect of bioturbation on the exchange of SiO3‐Si across
the sediment-water interface, there are still some controversies
(Karlson et al., 2005; Loder et al., 1978). Concerning the shapes of the
porewater proﬁle, the effect of bioturbation in this study may be more
conﬁned to the surface area and responsible for the high concentrations
observed immediately below the sediment-water interface.
The unique behavior of the PO4‐P exchange might be related to variations in bacteria activities. In the system without the inhibitor,
phosphobacteria may survive (Jiang et al., 2008). Organisms at the interface can utilize soluble P for their growth and result in the decrease
of PO4‐P in the overlying water. With the introduction of the inhibitor,
biological activities are restrained, and the biological abilities of P adsorption are also weakened. This indicates that the biological disturbance at the interface plays an important role for PO4‐P ﬂuxes. Among
the sites, variations at Site E3 were more striking than at other sites,
which might suggest intensive bioturbation.

4.6. Impacts of reclamation
Since 2010, Tianjin has increased the coastal development efforts,
large-scale land reclamation were carried out in order to meet the
growing demands for land (Fig.1), which has altered the hydrological,
geomorphological, and ecological status of the coastal waters (Nie and
Tao, 2008; Lv et al., 2015). Whether these changes may affect the nutrient exchange across the sediment-water interface needs some close inspection. In this work, based on the exchange ﬂuxes measured directly
from the incubation and the results from previous studies by the same
methods (Deng, 2004), a comparison of the exchange ﬂuxes around
the northern coast of Tianjin (Sites D2 and E1) before and after the reclamation is shown in Table 4.
As shown from Table 4, after reclamation around the northern
coastal Tianjin the nutrient exchanges across the sediment-water interface changed dramatically. Different trends were observed for different nutrient species. The release of NO3 ‐N from the sediment
increased, while the release of PO4‐P and SiO3‐Si showed a signiﬁcant decrease. Reclamation has altered the bottom topography of
Tianjin coastal area and has changed the nutrient balances in the
sediment. Therefore, reclamation may be responsible for the changes
in sediment nutrient ﬂuxes. However, the conclusion should be
drawn with some caution as the comparisons were made on the
basis of only 2 cruises. The changes could also be attributed to the decreasing nutrient concentrations in the water columns as the total
discharge from Tianjin are gradually brought under control in recent
years. Nevertheless, cautions should be made towards the diverging
trends. Obviously, the increasing release of N and decreasing release
of P and Si will not help the current imbalance of the nutrients and
the P limitation status.

Table 4
Nutrient exchange ﬂuxes around the northern coastal Tianjin before and after the reclamation (mmol⋅m−2 ⋅d−1).

Before
After

Year

NO3‐N

NO2‐N

NH4‐N

DIN

PO4‐P

SiO3‐Si

2004
2012

1.30
1.76

−0.04
0.53

0.12
−0.46

1.38
1.83

0.720
0.0120

3.75
2.56

4.7. Contributions to the local primary production
According to Wang and Li (2002), the primary productivity in the
Bohai Bay in spring is 242 (mgC⋅m−2 ⋅d−1). Base on the Redﬁeld ratio
(C:N:P:Si = 106:16:1:16), an estimation of the demands of the phytoplankton in the water columns for each nutrient species could be
made, which yields: N: 3.04 mmol⋅m− 2⋅d−1, P: 0.19 mmol⋅m−2 ⋅d−1,
Si: 3.04 mmol⋅m−2 ⋅d−1. Using the methods of Zhang et al. (2004), the
contributions of the sediment ﬂuxes to the local primary productivities
were estimated. The results indicated that in spring releases of N from
the sediment at the northern and the southern coast of Tianjin could
support 60.1% and 64.5% of the local primary production respectively;
the releases of P could support 6.05% of the local primary production
at the northern sites while P was assimilated by sediment from water
column at the southern sites; the releases of Si at the northern and the
southern coast of Tianjin could support 84.2% and 87.2% of the local primary production respectively. In summary, the contribution of N and Si
from the sediment to the local primary production in Tianjin coastal
area in spring is much higher than that of P, which implies that the release of P from the sediment could become a key to the fate of phytoplankton in water column because an increasing release could break
the limiting status and fuel their growth.
5. Conclusions
According to analysis of the samples collected from sediment and
overlying water at four representative sites in Bohai Bay, the main conclusions on nutrient exchanges at the sediment-water interface are
summarized as follows:
1) High DIN concentrations and N/P ratios were observed at the northern sites, implying the impacts of the nearby sewage outfalls.
2) The nutrient ﬂuxes derived from Fick's law and lab incubation were
not consistent, indicating that other mechanisms in addition to molecular diffusion were also responsible for the exchanges. The results
of lab incubation should be considered more reliable in this case.
3) The exchange ﬂuxes of NO3‐N, NO2‐N and SiO3‐Si were higher in the
oxic conditions than that in the anoxic conditions, while NH4‐N and
PO4‐P ﬂuxes showed the opposite trends. NO3‐N, NO2‐N, NH4‐N and
SiO3‐Si showed stronger exchanges under bioturbation while PO4‐P
showed an opposite trend.
4) Reclamation in the northern coast of Tianjin may introduce harmful
impacts on the nutrient exchanges. And
5) The contribution of N and Si from the sediment to the local primary
production in Tianjin coastal area in spring is much higher than that
of P, implying that P release from the sediment could become a limiting nutrient to phytoplankton production in the water column.
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